Ruthenium(lV) and palIadium(II) adsorption from aqueous solutionson to Transcarpathian c1inoptilolite has been studied under dynamic conditions. The optimum conditions for ruthenium(lV) adsorption from aqueous solutions have been established as follows: pH = 3.5-4.5 or 9.0-11.0; radius of adsorbent particles. 0.200-0.355 mm; and velocity of solution passing through the adsorbent, 3 mm/min. For palladium adsorptionfrom aqueous nitric acid (pH =4.0) and ammonia (pH = 11.5) solutions, the optimum radius of the adsorbent particles was in the 0.355-0.500 mm range. Desorption of Ru'" and Pd" was performed using 6 M hydrochloric acid. The degree of ruthenium(IV)extraction under optimum conditions was 95% and for palladium(II) extraction from nitric acid and ammonia solutions the corresponding values were 81.5% and 96.8%, respectively.
INTRODUCTION
The problem of concentrating trace amounts of platinum metals remains unresolved at present. In this work, Transcarpathian c1inoptilolite was used for the concentration and separation of such metals since this method has been shown previously as useful for solving problems concerning the concentration of heavy metals from aqueous solutions. Earlier it was shown that the use of ionexchange data allows a judgement to be made about the peculiarities of the structure of natural c1inoptilolite (Brek 1976; Tsitsishvili et al. 1985; Senderov and Khitarov 1970) . In addition to its scientific interest, a study of the adsorption properties of c1inoptilolite is of great interest with respect to its practical application. Investigation of the use of such minerals for the selective adsorption of platinum metals in the presence of other heavy metals should provide sound recommendations concerning these zeolites for the refinement of wastewaters and for the concentration of noble metals from industrial wastes.
In this work. we have investigated the adsorption of ruthenium(IV) and palladium(I1) from aqueous solutions in the presence of other ions, viz. Pt'", HOIll, Ga'", Ni'', CUll, Ag', Mn", Fe'", Na
Zn ll, CI', sot, PO/'. cot, cn-. Tare-, cpt and NO}-. The adsorption of ruthenium(IV) aquahydroxo complexes and of palladium(II) aqua and ammonia complexes on to Transcarpathian c1inoptilolite has been used for the extraction of these metals from solution.
'First presented at the 3rd Polish-Ukrainian Symposium on Theoretical and Experimental Studies of Interfacial Phenomena' and their Technological Application. Lviv, Ukraine. 22-24 September 1998. Reagents T.Ya. Vrublevs'ka et al./Adsorption Science & Technology Vol. 17 No.1 1999 Ruthenium(lV) solution was prepared by melting the pure metal (99.9 wt% of the main component) with an oxidizing mixture according to the method of Vrublevskaya et at. (1991) . The melt was dissolved in a mixture of perchloric acid and hydrogen peroxide at a ratio of 2: I followed by heating up to the boiling point. The ruthenium concentration in the solution was determined spectrophotometrically (Vrublevskaya et at. 1991) . Platinum(II) and palladium(II) solutions were prepared by dissolving the pure metals (99.99 wt%) in a mixture of hydrochloric acid and hydrogen peroxide for the platinum solution and in nitric acid for the palladium solution. Solutions of all other metals (cations) and anions were prepared using the pure salts. Solutions of oxyacids were prepared using pure solid reagents, viz. H 2Cit = citric acid, H 2Tart = tartaric acid, H 2Mal = malic acid and H 2CP4 =oxalic acid.
Adsorption measurements
The adsorption of ruthenium and palladium was studied under dynamic conditions. Investigating solutions whose volume ranged from 250 ml to 1500 ml were passed through a cartridge of our construction at a velocity of 1-5 ml/min using an NP-IM peristaltic pump (Vasylechko et at. 1996) . The degree of extraction of ruthenium and palladium was determined by measuring their amounts in filtrates or solutions obtained after the desorption of the adsorbed metals from the zeolite. Such desorption was achieved by passing 10 ml of hydrochloric acid (I: I) at a velocity of I ml/min through the cartridge. The metal contents were determined by pulse voltammetry using a linearly varying potential with a PO-5122 model 03 oscillopolarograph. A two-electrode thermostatted cell (22 ± OSC) with an indicator mercury dropping electrode and a saturated calomel electrode (s.c.e.) were employed for such measurements; the capillary characteristics were as follows: m = 0.789 mg/s; 1:= 9.48 s. Peak potentials were measured directly at the maximum point of the polarogram using a V7-21 voltmeter.
The voltammetric dependencies ofruthenium(IV) reduction were measured with 0.25 M NaCI0 4
+ 5 x 10-2 M H 3Cit as the background electrolyte at pH =1.5 and Ep =-0.890 V (s.c.e.). Solutions of exact acidities were prepared by adding dilute perchloric acid or sodium hydroxide with acidity control via a pH-573M pH meter. Palladium(II) was reduced using I M NHpH + 1 M NH 4CI as the background electrolyte at a potential of -0.720 V (s.c.e.) and a pH value of 9.0.
RESULTS AND DISCUSSION
The ionic state of ruthenium(II) in a non-complexing electrolytic medium is determined initially by the solution acidity. In this connection, we have studied the dependence of the degree of ruthenium extraction by clinoptilolite versus the pH of the solution in the pH range 1-12 (Figure 1 ). For perchlorate solutions of ruthenium (9.5 x 10-6 -3.89 X 10-6 M), the maximum degree of extraction (92-95%) was achieved at pH values of 3.5-4.5 and of 9.0-11.0. Over the pH range 5.0-8.8, nonreproducible values of the degree of extraction up to 20% were obtained. These results may be explained on the basis of views expressed by other workers (Rard 1985; Varshal et at. 1985) . Thus, in acidic media, the adsorbent extracts positively charged polymeric ruthenium particles whilst adsorption over the alkaline range is connected with the formation and concentration of anionic hydroxo complexes of ruthenium which are also of a polymeric nature (Varshal et at. 1985) . At pH = 5.0-8.0, ruthenium forms hydroxides such as Ru(OH)4or Ru0 2 '2HP, which exists together with tetrameric positively charged forms of Ru'" (pH < 7) or together with anionic forms of Ru'" (pH> 7).
This explains the non-reproducibility of the adsorption measurements in this range (Starik and Kositsyn 1957) . Hence, the optimum conditions for ruthenium concentration (c Ru es 10-6) are for solutions with pH values in the ranges 3.5-4.5 and 9.0-11.0.
The adsorption of Pd" was studied from nitric acid and ammonia solutions in which palladium exists in a hydrated state, [Pd(HP)4 F +, and a complex state, [Pd(NH 3)4 F +, respectively. We have shown that under these circumstances the degree of palladium extraction depends on the pH value of the solution. Studies of palladium extraction from nitric acid solution were performed over the pH range 1.0-7.0 when it was established that palladium was not adsorbed by clinoptilolite at pH = 3.2 while palladium hydroxide precipitated at pH > 5. Maximum adsorption was achieved at pH = 3.55-4.10 [ Figure 2 (a)], whilst at pH values above 4.10 the adsorption of Pd" gradually decreased which maybe connected with the formation of palladium hydroxo complexes. The latter results in a change in the ionic charge from a positive value to negative value so that the anion cannot be adsorbed on the zeolite (which is a cationite). The degree of palladium extraction at pH =4.0 was equal to 81.5%. Data concerning studies of the adsorption of the palladium ammonia complex.
[Pd(NH 3)4 F + are presented in Figure 2 (b). The degree of palladium extraction at pH = 11.5 was 96.8% in this case. It has been established that the optimum fraction of the zeolite has particles whose radii lie in the 0.200-0.355 mm range (Table I ). The maximum adsorption capacities for ruthenium of this fraction have values of 300 ug/g at pH =3.5 and 420~glg at pH =11.0. The use of finer zeolite particles led to complications as a result of its increasing resistance to the solution passing through the cartridge.
The maximum adsorption capacity of Pd D in ammonia medium (pH =11.5) was 1150 ug/g and 600 ug/g in a nitric acid solution (pH =4.0).
In order to clarify the mechanism of Ru IV adsorption, we have studied its concentration by the H-fonn of clinoptilolite, which was obtained through treatment of the natural form of the zeolite with 6 M hydrochloric acid over 24 h. It was found that the degree of extraction and the maximum capacity of both the H-form and the natural c1inoptilolite were virtually the same, indicating a preference for a sieve effect (Brek 1976) in the adsorption ofthis element rather than an ion exchange. In the case of palladium adsorption, the predominant mechanism of concentration is cationic with some influence of a sieve effect on the adsorption. Since adsorption methods are also used both for concentration and separation of the elements, we have studied the dependence of palladium and ruthenium adsorption in the presence of various other metallic ions. These ions are those which occur most frequently in complex compositions, in industrial wastes and wastewaters, and also in reagents which are used for the separation and masking of the elements. The results obtained are presented in Tables 2-4 . It will be seen that the presence of Cu", Ni", Fe'", pe v and Pd" (Table 2 ) had little effect on the degree of ruthenium extraction, but sulphates and oxy acids considerably decreased the degree of ruthenium extraction. This latter point is explained by the formation of the respective complexes which are not adsorbed by the zeolite from slightly acidic and alkaline solutions.
The data listed in Table 3 show that the best results for palladium concentration and separation were achieved in ammonia (pH = 11.5) and nitric acid (pH = 4.0) media. However, Cu'', Ni" and Mn" ions were adsorbed together with palladium and prevented its polarographic determination. The data listed in Table 4 show that in alkaline medium the investigated anions did not influence the degree of palladium extraction whilst at pH =4.0 they formed complex anions with palladium and as a consequence were not adsorbed by the zeolite.
CONCLUSIONS
The investigations performed allow us to recommend the use of the natural form of c1inoptilolite for the concentration and extraction of micro amounts of ruthenium and palladium when they co-exist in solutions and also from their mixtures with Pt'", Fe'", Mn", Ni'', Cu'', Pb", Ag' and other ions under the following conditions: radius of adsorbent particles, 0.200-0.355 mm; velocity of solution passing through the adsorbent, 3-5 ml/rnin; pH Ru = 3.5-4.5, pH pd = 11.0. It has been
